ApoE‐/‐

:   ApoE gene deficiency

EDTA

:   Ethylenediaminetetraacetic acid

ICC

:   Interstitial cells of Cajal

IF

:   Immunofluorescence

IHC

:   immunohistochemistry

PDGFR‐α

:   Platelet‐derived growth factor receptor ‐α

TCs

:   Telocytes

TEM

:   Transmitted electron microscopy

Tps

:   Telopodes

Introduction {#cbin11128-sec-0010}
============

Telocytes, a type of stromal cell, are present in humans and various animals and are distinct from 'interstitial cells of Cajal\' (ICC) in terms of ultrastructure, immunohistochemical bio‐markers, gene expression and protein profiles. Telocytes were discovered by various modern techniques and first described by Popescu (Nicolescu and Popescu, [2012](#cbin11128-bib-0018){ref-type="ref"}). Telocytes have a small‐sized and irregular body with several extremely long, thin and moniliform‐liked telopodes(Tps), which possess alternating regions of podomers and podoms (250--300 nm) (Rusu et al., [2012](#cbin11128-bib-0026){ref-type="ref"}; Zheng et al., [2012](#cbin11128-bib-0036){ref-type="ref"}; Cantarero et al., [2011](#cbin11128-bib-0007){ref-type="ref"}; Gherghiceanu et al., [2008](#cbin11128-bib-0014){ref-type="ref"}). Tps are considered an important channel for transporting information, connecting with homocellular or heterocellular junctions, and establishing three‐dimensional networks. Based on their distribution, telocytes have been proposed to participate in a wide range of physiological and pathological processes, such as the maintenance of tissue homeostasis, regeneration, cell proliferation and intercellular signalling. Furthermore, telocytes are known to exert their functions via direct intercellular connections or through the secretion of extracellular vesicles and exosomes (Alunno et al., [2015](#cbin11128-bib-0002){ref-type="ref"}). Using horse and pig animal models to study the development of atrial fibrillation and cardiac diseases (Bode et al., [2015](#cbin11128-bib-0003){ref-type="ref"}; Decloedt et al., [2015](#cbin11128-bib-0011){ref-type="ref"}), Vandecasteele produced a 3D image of telocytes in pulmonary veins (Vandecasteele et al., [2018](#cbin11128-bib-0030){ref-type="ref"}). A few studies have reported that immunohistochemical staining and light microscopy techniques can be used to quantify the morphology of telocytes in various systems of humans and different animals.

ApoE^‐/‐^ mice are prone to atherosclerosis under high fat diets. These mice models can simulate similar atherosclerotic pathological processes in the arteries of humans (Nakashima et al., [1994](#cbin11128-bib-0017){ref-type="ref"}). The ApoE^‐/‐^ mice model has been utilized and accepted in numerous studies worldwide for the study of atherosclerosis (Yang et al., [2016](#cbin11128-bib-0034){ref-type="ref"}). Medical research on human and normal mice has already considered telocyte histology and pathology; however, telocytes have yet to be studied in ApoE^‐/‐^ mice. Recent telocyte studies have found interesting functional telocyte morphology in various organs and have also discovered potential significant roles of telocytes in abnormal gene animal models. However, studies on telocyte immunophenotypes have primarily focused on single immunohistochemical bio‐markers, such as CD34, CD117 or Vimentin. The lack of appropriate antibodies for these immunohistochemical assys have limited our ability to confirm the functions and characteristics of telocytes. To identify the morphology and immunophenotypes of telocytes in ApoE^‐/‐^ mice, three immunohistochemical antibodies were used to examine the expression profiles of CD28 and platelet‐derived growth factor‐α (PDGFR‐α) (Table [1](#cbin11128-tbl-0001){ref-type="table"}).

###### 

Immunohistochemistry labels

  IHC bio‐marker   Heart   Liver   Kidney   Primary antibody Dilution rate   Producer and number
  ---------------- ------- ------- -------- -------------------------------- ---------------------
  CD34             √       √       √        1:3000                           Abcam
                                                                             AB81289
  CD28             √       ‐       ‐        1:200                            Abcam
                                                                             AB203084
  CD117            √       √       √        1:500                            Servicebio
                                                                             GB11073
  Vimentin         √       ‐       √        1:1000                           Servicebio
                                                                             GB11192
  PDGFR‐α          √       √       √        1:200                            Servicebio
                                                                             GB11261

Mark '√' in the column expresses which bio‐mark is selected to be stained. Mark '‐' in the column expresses untested bio‐mark. Liver organ is stained by Rabbit Primary antibodies‐CD34, CD117 and PDGFR‐α; Kidney is stained by Rabbit Primary antibodies‐CD34, CD117, Vimentin and PDGFR‐α;Heart organ is stained with antibodies‐CD34, CD117, CD28, Vimentin and PDGFR‐α. The second antibody is Caprine anti‐Rabbit HRP for different dilutions followed.

John Wiley & Sons, Ltd.

Methods and materials {#cbin11128-sec-0020}
=====================

Animal preparation {#cbin11128-sec-0030}
------------------

Ten male ApoE^−/−^ mice (identification number: SCXK2016‐0006, Beijing Vital River Laboratory Animal Technology Co., Ltd., China), ranging from 56‐68‐days‐old and 18 g -- 23 g were utilized in our study (Medical Research Centre and Laboratory Animal Centre, Shandong Provincial Qianfoshan Hospital, Shandong University). The mice were housed at 22°C under a 12‐hour light/12 hour dark cycle and fed a high fat diet for 6 weeks with free access to tap water in the Medical Research Centre of Shandong Provincial Qianfoshan Hospital.

Samples preparation {#cbin11128-sec-0040}
-------------------

Briefly, after each mouse was weighed, 10% chloral hydrate solution was used to anesthetise the ApoE−/− mice (0.004 ml/g body weight) through intraperitoneal injection. The mice were then fixed in a supine position with their necks extended. A median incision to the abdomen was made to open the abdominal cavity and then the thoracic cavity to harvest organs in the following sequence: liver, kidney and heart. Organs were fixed in 4% buffered paraformaldehyde solution, embedded in paraffin using paraffin embedding machine JB‐P5 (Junjie Electro Co., Wuhan, China) and archived. Then, 3‐μm thick sample tissue sections were prepared using pathology slicer RM2016 (Laika Alliance Co. of Shanghai, USA). The sections were sequentially washed in triplicate in xylene (15 min each), dehydrated twice in pure ethanol (5 min each), and dehydrated in an ethanol gradient of 85% and 75% (5 min each). The sections were incubated in sodium citrate antigen retrieval solution (Servicebio: G1202, pH 6.0) and washed 3 times with PBS (Servicebio: G0002, pH 7.4) on a rocker device (Servicebio: TSY‐B, Germany) for 5 min per wash. Objective tissues were marked with a liquid blocker pen (Gene tech: GT1001, China) and soaked in 3% BSA (Servicebio: G5001, China) at room temperature for 30 min.

Immunohistochemistry assay {#cbin11128-sec-0050}
--------------------------

Single label immunohistochemical assays were performed using primary antibodies for specific biomarkers (Table [1](#cbin11128-fig-0001){ref-type="fig"}). Sample slides were incubated with the appropriate primary antibodies overnight at 4°C and subsequently labelled with secondary antibody (Caprice anti‐rabbit, G23303, 1:200 dilution, from Servicebio, China) and HRP at room temperature for 50 min (Servicebio: G1211). The slides were then dried, and freshly prepared DAB chromogenic reagents were used to label the marked tissue. Reaction times were monitored by microscopy until cell nuclei showed a brown‐yellow colour. Nuclei were counterstained with haematoxylin staining solution (G1004, Servicebio Cor, USA). The slides were then treated with the differentiation solution (G1039, Servicebio Cor, USA) for a few seconds and washed under running tap water. Then, the slides were treated with a bluing solution (G1040, Servicebio Cor, USA) and washed under running tap water. Positive cells as identified by DAB reagent (G1211, Servicebio Cor., USA) showed brown‐yellow nuclei.

![Single staining immunohistochemistry by different bio‐markers in myocardium tissue of ApoE^‐/‐^ mice and distinct morphological types of telocytes are shown (A‐E). Telocytes expressed positively for CD34 (A) and CD117 (B), meanwhile telopoeds of telocyte expressed positively for PDGFR‐α (D). Telocytes are shown negatively for CD28 bio‐marker (C). CD34 + telocyte with three long and thin telopodes is shown between myocardial cells. BV : blood vessel (A). Nuclei were counterstained with haematoxylin(blue). The scale bar = 50μm( A‐D) and 20μm (E).](CBIN-43-1286-g001){#cbin11128-fig-0001}

Overall, 16 distinct single‐stained bio‐marker samples from 3 organs were evaluated by microscopy. Images were captured (Microscope Camera XSP‐C204, Olympus Europa GmbH, Hamburg, Germany) at a magnification of 400 × at 300 dpi in TIFF format. Photoshop software was used to false‐colour fluorescent markers in the images.

Immunofluorescence assay {#cbin11128-sec-0060}
------------------------

All sections were incubated in 2 changes of xylene at 15 min each. A dehydrator (JJ‐12J, Junjie electronic corporation of Wuhan, China) was used to dehydrate the sections in 2 changes of pure ethanol (from Shanghai Clinical Research Center, SCRC, China) at 5 min each, followed by dehydration in an ethanol gradient of 85% and 75%, respectively, at 5 min each. Then, the slides were immersed in EDTA antigen retrieval buffer (pH 8.0, G1206, Servicebio Cor, USA) at a sub‐boiling temperature for 8 min, let stand for 8 min, and followed by another sub‐boiling incubation for 7 min. The slides were washed three times with PBS (pH 7.4) on a rocker device (TSY‐B, Servicebio Cor, USA ) at 5 min each. Liquids were removed from the superficial sections, and the objective tissue were marked with a liquid blocker pen (GT1001, Gene tec., China). A fluorescence quenching reagent (G1221, Servicebio Cor., USA) was added and the slides were incubated for 5 min. Then, the slides were incubated with primary antibodies to double stain for CD34/CD117, CD28/Vimentin, or CD34/PDGFR‐α (diluted with PBS) overnight at 4°C in a wet box containing water. Subsequently, the slides were incubated with secondary antibody after washing three times with PBS (pH 7.4) on a rocker device for 5 min each. The objective tissue was covered with the secondary antibody and incubated at room temperature for 50 min in the dark. Then, the slides were incubated with DAPI (G1012, Servicebio Cor, USA) at room temperature for 10 min. The slides were washed three times with PBS (pH 7.4) on a rocker device for 5 min each. Then, samples were mounted with a coverslip (10212432 C, CITOTEST, Berlin, Germany) and anti‐fade mounting medium (G1401, Servicebio Cor, USA). The samples were viewed by microscopy and images were collected using fluorescence microscopy (Nikon Eclipse C1, Tokyo, Japan) with an imaging system (Nikon DS‐U3, Tokyo, Japan). DAPI was confirmed using a UV excitation wavelength of 330‐380 nm and an emission wavelength of 420 nm. FITC was captured by an excitation wavelength of 465‐495 nm and an emission wavelength of 515‐555 nm. CY3 was captured by an excitation wavelength of 510‐560 nm and an emission wavelength of 590 nm. Nuclei were labelled with DAPI. Positive cells were green or red based onto the fluorescent label used. Images were captured at 1 to 400 × magnification (Microscope Camera XSP‐C204, Olympus Europa GmbH, Hamburg, Germany).

Results {#cbin11128-sec-0070}
=======

Single labelling immunohistochemistry for CD34, CD117, CD28, PDGFR‐α and double labelling immunofluorescence for CD28/Vimentin, CD34/CD117, CD34/PDGFR‐α were simultaneously used to identify the morphology and distribution of telocyte in the heart, liver and kidney of ApoE^‐/‐^ mice. Different scale bars are shown with the same marker to make the morphology of telocyte and telopode more explicitly.

In heart organ {#cbin11128-sec-0080}
--------------

Telocytes with telopodes express positively for CD34 and CD117 (Figure [1](#cbin11128-fig-0001){ref-type="fig"}A,B,E). Telocyte morphology is dependent on the number of telopodes extending from the telocyte body. PDGFR‐α is expressed positively in the prolonged and thin telopodes (Figure [1](#cbin11128-fig-0001){ref-type="fig"}A‐D). Telocytes are negative in immunohistochemistry assays for CD28 (Figure [1](#cbin11128-fig-0001){ref-type="fig"}A‐C). Telocytes with telopodes are positive for CD34 and form a 3D network among myocardial cells as indicated by double immunofluorescence labelling for CD34/PDGFR‐α(Figure [2](#cbin11128-fig-0002){ref-type="fig"}A‐C) and telopodes can be easily distinguished (Figure [2](#cbin11128-fig-0002){ref-type="fig"}D‐F).

![Double staining immunofluorescence for CD34/PDGFR‐α in the myocardium tissue of ApoE^‐/‐^ mice (A‐F). The distribution of telocyte is shown positively with CD34 (A,red), PDGFR‐α (B,green) and CD34/PDGFR‐α (C,yellow). Telocyte can construct a 3D network in the myocardium tissue (A‐C). The morphology of telocyte is completely shown (D‐F). CD34‐positive telocyte is oval‐liked with two telopodes (D,red). PDGFR‐α‐positive telocyte is spindle‐liked with one telopode (E,green). Telocyte expresses for CD34/PDGFR‐α (F,yellow). Nuclei were counterstained with DAPI(blue). The scale bar = 50μm (A‐C) and 10μm (D‐E).](CBIN-43-1286-g002){#cbin11128-fig-0002}

In kidney organ {#cbin11128-sec-0090}
---------------

Telocytes are positive for CD34 and PDGFR‐α, and negative for CD117 in the cortex system and medulla nephrica system of kidney (Figures [3](#cbin11128-fig-0003){ref-type="fig"} and [4](#cbin11128-fig-0004){ref-type="fig"}). Their morphologies are similar in the two systems (Figure [3](#cbin11128-fig-0003){ref-type="fig"}A‐F,G). Cells in the cortex system and medulla nephrica system of renal tissues are extensively stained by double immunofluorescence labels for CD28 and Vimentin, but there is no evidence of telocyte shown obviously (Figure [4](#cbin11128-fig-0004){ref-type="fig"}G,H,I). Double staining immunofluorescence labels CD34/PDGFR‐α‐positive telocyte is spindle‐liked with two telopodes (Figure [4](#cbin11128-fig-0004){ref-type="fig"}A‐D,E,F), and telocytes construct a network (Figure [4](#cbin11128-fig-0004){ref-type="fig"}A‐C).

![Single label immunohistochemistry of CD34, CD117 and PDGFR‐α in kidney of ApoE^‐/‐^ mice (A‐E). CD34‐positive telocyte is shown and telocyte morphology are similar in the cortex system (B) and medulla nephrica system (A,C) of renal tissues. Epithelial cells of renal tubular are extensively stained by the CD117 label (D). There is no telocyte shown by CD117 and PDGFR‐α label (D,E). The morphology of telocyte is overtly shown in the medulla nephrica system (F) and in the cortex system (G). CCD: cortical collecting duct. RC: renal corpuscle. CD: collecting duct. DCT: distal convoluted tubule. DST: distal straight tubule. Nuclei were counterstained with haematoxylin(blue). The scale bar = 50μm (A‐E) and 10μm (F,G).](CBIN-43-1286-g003){#cbin11128-fig-0003}

![Double staining immunofluorescence for CD28/Vimentin and CD34/PDGFR‐α in kidney of ApoE^‐/‐^ mice (A‐I). CD34‐positive telocyte and telopode are integrallty shown (A,D;red). The partial section of telocytes and telopodes express PDGFR‐α (B,E;green). CD34/PDGFR‐α are displayed positively for telocyte and telopode (C,F;yellow). CD28 and Vimentin staining are considered as the negative control for telocyte (G‐I). Nuclei were counterstained with DAPI(blue). The scale bar = 50μm (A‐C;G‐I) and 10μm (D‐F).](CBIN-43-1286-g004){#cbin11128-fig-0004}

In liver organ {#cbin11128-sec-0100}
--------------

Telocytes are expressed positively for CD34 and CD117 (Figure [5](#cbin11128-fig-0005){ref-type="fig"}A,B,D), and telopodes are positive for PDGFR‐α (Figure [5](#cbin11128-fig-0005){ref-type="fig"}A‐C,E). Telocyte immunophenotypes in the liver parenchyma tissue and hepatic vein system are distinct (Figure [6](#cbin11128-fig-0006){ref-type="fig"}). No evidence of telocytes for CD28/Vimentin in the liver parenchyma tissue (A‐C) and CD34/CD117 in the hepatic vein system (D‐F) are detected. CD28/Vimentin and CD34/CD117 double immunoflurescence labels are considered as the negative control (Figure [7](#cbin11128-fig-0007){ref-type="fig"}).

![Single label immunohistochemistry for CD34, CD117 and PDGFR‐α are stained in liver of ApoE^‐/‐^ mice (A‐E). CD34‐positive telocytes with five prolonged and thin telopodes are stelliform adjacent the hepatic sinusoid (A,D). CD117 is distributed like spots in the hepatocyte area. CD117‐postitive telocytes are observed among hepatocytes (B). Telopode is positively stained for PDGFR‐α (C,E). Nuclei were counterstained with haematoxylin(blue). The scale bar = 50μm (A‐C) and 10μm (D‐F).](CBIN-43-1286-g005){#cbin11128-fig-0005}

![Double staining immunofluorescence for CD34/PDGFR‐α in the liver parenchyma tissue (A‐C) and hepatic vein system (D‐F). In the liver parenchyma tissue, CD34‐positive(red) telocytes with telopodes are expressed (A,C), and telocyte is negative for PDGFR‐α (B,green). In the hepatic vein system, telocytes and telopodes positive for CD34 are observed around vascular wall of hepatic vein (D,red) but it is difficult to distinguish telocytes for PDGFR‐α (E,green). Nuclei were counterstained with DAPI(blue). The scale bar = 50μm. Tps: telopodes.](CBIN-43-1286-g006){#cbin11128-fig-0006}

![Double staining immunofluorescence for CD28/Vimentin and CD34/CD117 in the liver (A‐F). No evidence of telocytes for CD28/Vimentin in the liver parenchyma tissue (A‐C) and CD34/CD117 in the hepatic vein system (D‐F) are detected. CD28/Vimentin and CD34/CD117 double immunoflurescence labels are considered as the negative control. Nuclei were counterstained with DAPI (blue). The scale bar = 50μm.](CBIN-43-1286-g007){#cbin11128-fig-0007}

Discussion {#cbin11128-sec-0110}
==========

Medical studies on telocytes have been conducted for several decades. Recently, the mechanisms of telocyte behaviour Which play a key role in organ\'s development and diseases attract scientists\' attention (Popescu and Faussone‐Pellegrini, [2010](#cbin11128-bib-0020){ref-type="ref"}; Yang et al., [2014](#cbin11128-bib-0035){ref-type="ref"}; Corradi et al., [2013](#cbin11128-bib-0009){ref-type="ref"}; Rusu et al., [2014](#cbin11128-bib-0025){ref-type="ref"}; Bosco et al., [2013](#cbin11128-bib-0004){ref-type="ref"}). ApoE^‐/‐^ mice, which are considered the classical animal model of atherosclerosis (AS), has been utilized to identify the relationship between genetic deficiency and hyperlipidaemia in humans. The ApoE gene is the most basic and significant risk factor in the procession of atherosclerotic vessels under high fat diets in the mammals (Rinne et al., [2018](#cbin11128-bib-0023){ref-type="ref"}; Sfyriand and Matsakas, [2017](#cbin11128-bib-0028){ref-type="ref"}). To identify the evidence of telocytes in the pathophysiology of atherosclerosis, our study confirmed the morphology and biochemical characteristics of telocyte in vital organs of ApoE^‐/‐^ mice, and identified that biochemical markers could express the normal configuration of telocyte which was as the same as it in the wild type mice (Xiao et al., [2013](#cbin11128-bib-0033){ref-type="ref"}).

Many techniques have been used to study telocytes in situ and in vitro. TEM has always been the "gold standard" method to distinguish telocytes from other interstitial cells and epithelial cell (Cantarero et al., [2016](#cbin11128-bib-0006){ref-type="ref"}). Immunohistochemistry and immunofluorescence assays are other common and crucial techniques to observe the distribution, origination and function of telocytes (Zhou et al., [2010](#cbin11128-bib-0037){ref-type="ref"}). Telocytes represent various immunohistochemical bio‐markers in different organs, including CD117, CD34, Vimentin, caveolin‐1, platelet‐derived growth factor receptor‐α (PDGFR‐α), vascular endothelial growth factor (VEGF), and inducible nitric oxide synthase (iNOS) (Popescu et al., [2010](#cbin11128-bib-0021){ref-type="ref"}; Suciu et al., [2012](#cbin11128-bib-0029){ref-type="ref"}; Petre et al., [2016](#cbin11128-bib-0019){ref-type="ref"}; Chang et al., [2015](#cbin11128-bib-0008){ref-type="ref"}; Vannucchi et al., [2013](#cbin11128-bib-0031){ref-type="ref"}). Wagener showed that the telocyte in bovine teat sphincters expressed CD117 (Rusu et al., [2012](#cbin11128-bib-0026){ref-type="ref"}) and Vimentin (Wagener et al., [2018](#cbin11128-bib-0032){ref-type="ref"}). Telocytes in a cytology study of the cardiovascular system were found to co‐express CD117, CD34, Vimentin, nestin and S‐100 in the epicardium. Furthermore,telocytes were positive for CD117, CD34, Vimentin and EGFR and negative for nestin, desmin, CD13 and S‐100 in the myocardium (Hinescu et al., [2006](#cbin11128-bib-0015){ref-type="ref"}). In our studies, telocytes were verified to be positive for CD117, PDGFR‐α and CD34, as well as, negative for CD28 in the heart and liver organ. Telocytes were positive for CD34 and PDGFR‐α, and negative for CD117 in the cortex system and medulla nephrica system of kidney.

Moreover, telocytes and stem/progenitor cells were demonstrated to derive from the mesenchy cell niche and have the same presentation of immunophenotype CD34 positive in the epicardium, lungs, skeletal muscle, choroid plexus, skin and liver organs (Popescu and Nicolescu, [2013](#cbin11128-bib-0022){ref-type="ref"}; Cantarero et al., [2011](#cbin11128-bib-0007){ref-type="ref"}). The accurate method to differentiate the stem cell and telocytes is the transmitted electron microscopy and the scanning electron microscopy that ultrastructure and morphology of cells can be effortlessly manifested, but immunohistochemistry technique is another critical way to distinguish cells on the basis of the distinct morphology after bio‐marker stained, such as CD34 positive telocytes with several prolonged and moniliform feature called telopodes are different from CD34 positive stem/progenitor cells which only express a elliptic or cycloidal cell body without stromal synapses in the same tissue.

Telocytes have been discovered to participate in the pathophysiological process of regeneration and repair of a tissue while it suffers from injury, infection and apoptosis so that telopodes, deriving from the body of telocytes and possessing the identical cytoplasm which constitutes of enormous organelles and ribonucleoprotein, are recognized as the ligament of intercellular communications with neighbouring cells. Furthermore, telocytes can form a three‐dimension network during the development of a new tissue and be proved to disappear when organs are subject to be dysfunction. Therefore, telocytes have "strategic" position in ambient cells\' contact and play a key role in the signal transfer.

Conclusions {#cbin11128-sec-0120}
===========

Telocytes have been implicated in regeneration (Gherghiceanu and Popescu, [2012](#cbin11128-bib-0013){ref-type="ref"}), repair (Gherghiceanu and Popescu, [2012](#cbin11128-bib-0013){ref-type="ref"}; Sadri et al., [2016](#cbin11128-bib-0027){ref-type="ref"}; Akram et al., [2016](#cbin11128-bib-0001){ref-type="ref"}), homeostasis (Cretoiu et al., [2009](#cbin11128-bib-0010){ref-type="ref"}), intercellular signalling (Gherghiceanu and Popescu, [2011](#cbin11128-bib-0012){ref-type="ref"}), and angiogenesis (Manole et al., [2011](#cbin11128-bib-0016){ref-type="ref"}) in humans and animals. In future studies, we will use TEM to determine the ultrastructure of telocytes and culture telocytes in vitro to profile the genetic information of related extracellular vesicles and signalling proteins.
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